Long-period Rayleigh waves from Iranian earthquakes have large amplitude asymmetries between minor arc and major arc arrivals (e.g., R 2 and R 3 ) at digital stations in the azimuth range N20°W to N60°E. These asymmetries are as large as a factor of 2 at a period of 256 s and persist to periods greater than 300 s. In some cases the entire Rayleigh wave group arrival spanning periods from 100 to 300 s is either uniformly enhanced in amplitude or diminished to such a degree that the group arrival appears to be missing. The amplitude anomalies are generally not accompanied by significant phase anomalies. The irregular azimuthal distribution of the amplitude asymmetries and their occurrence for events with different focal mechanisms and epicentral separations of several hundred kilometers preclude an explanation of these observations by source complexity. Events in the Mediterranean and Nepal do not produce similar amplitude asymmetries at the same stations. The anomalies are thus most likely due to focusing and, defocusing propagation effects. As a preliminary investigation of the effects of lateral heterogeneity of upper mantle velocity structure on long-period surface wave amplitudes, surface wave ray-traCing calculations are performed using recently proposed global phase velocity distributions. Dramatic deviations from great circle paths are predicted for long propagation paths (e.g., R 3 ). The particular spatial distribution of lateral velocity gradients around a given source location determines whether substantial amplitude asymmetries will be observed between minor arc and major arc arrivals and whether these will persist for sequential great circle orbits. The 200-s period amplitude asymmetry observed at KIP for the Iranian source region (R 2 .4 » R 3 ) is well predicted by the ray-tracing results. The absence of this anomaly for the other source regions is also predicted. Other observed anomalies are not all well predicted, but it is clear that geometric effects can contribute significantly to the observed variations of Rayleigh and Love wave amplitudes. This is the probable explanation for the instability of Q estimates made from surface waves. Other source regions producing large surface wave amplitude anomalies include Japan and southeastern Alaska.
INTRODUCTION
With the advent of high-quality digital seismic networks, long-period (> 100 s) surface waves have been utilized extensively in inversion for earthquake source mechanisms Given, 1981, 1982; and inversion for lateral heterogeneity of the upper mantle [Nakanishi and Anderson, 1982 , 1984 Woodhouse, 1983; Woodhouse and Dziewonski, 1984; Masters et al., 1982] . The apparent success of these techniques testifies to the general stability of long-period surface wave propagation, particularly for the phase of spheroidal modes. Rayleigh waves with periods from 200 to 300 s generally show predictable amplitude behavior as well [Kanamori and Given, 1981] . However, the amplitude and phase scatter is significantly larger for shorter-period Rayleigh waves and for Love waves of all periods, which is usually attributed to the greater sensitivity of these phases to lateral variations in the upper 200 km of the mantle. There are also several events for which large long-period Rayleigh wave amplitude anomalies have been observed [Niazi and Kanamori, 1981; Buland and Taggart, 1981] , which are not easily explained by source processes. The purpose of this paper is to document examples of anomalous long-period surface wave amplitude behavior and to provide a preliminary appraisal of the effects of global lateral heterogeneity on surface wave propagation from a ray theory perspective.
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OBSERVATIONS
The 1978 Tabas, Iran, earthquake (Table 1) produced some of the most remarkable long-period surface wave anomalies described in the literature. In an analysis of International Deployment of Accelerometers (IDA) recordings for this event, Niazi and Kanamori [1981] observed large-amplitude asymmetries between minor arc and major arc Rayleigh wave arrivals at stations in the azimuth range Nl0°W to N40°E. The records from these stations are shown in Figure 1 . Entire group arrivals show clear amplitude asymmetries at all three stations, with Rayleigh waves that have traveled farther having larger amplitudes than shorter path arrivals that left the source in the opposite direction (e.g., IR 4 1 > IR 3 1 at PFO and KIP, and IR 5 I > IR 4 1 at CMO). CMO shows an opposite pattern of asymmetry to that at PFO and KIP despite being tightly bracketed in azimuth by the other two stations. The R 3 arrival at PFO and the R 4 arrival at CMO have very little energy, and the Rayleigh wave group arrivals are essentially missing. This is particularly striking since all three stations lie in a stable portion of the radiation pattern for this thrust event [Niazi and Kanamori, 1981] . Given the seismic moment of this event of 1.4 x 10 20 N m and an estimated source dimension of 80 km, it is not possible to account for the observed asymmetries by source finiteness. Figure 2 emphasizes this, for it shows that when Gaussian band-pass filters with successively longer-period high-pass cutoffs are applied to the KIP record, the amplitude asymmetries persist to very long periods. Noting that the dominant periods of the filtered traces are about 50 s longer than the short-period cutoff, it is clear that even 250-s period energy shows substantial asym- metry. After equalizing the propagation distances, the 256-s spectral amplitudes of the even order number arrivals (R 2 , R 4 , R 6 ) are all a factor of 2 greater than those of the odd order number arrivals (R 3 , R 5 ). The asymmetries persist to a period of 300 s for CMO and PFO as well. Niazi and Kanamori [1981] did not provide an explanation for these observations but speculated that regional structural heterogeneities near the source or along the propagation paths, or possibly fault plane compiexity, could explain ,the asymmetry. We will investigate these possibilities further.
The presence of strong amplitude anomalies is a potential source of bias in source mechanism determination using longperiod surface wave'i, yet it is necessary to know the mechanism in order to appraise the anomalies. To minimize this problem, we supplement the IDA observations for the Tabas earthquake with Rayleigh and Love wave observations from the Global Digital Seismographic Network (GDSN). Figure 3 shows the distribution of stations about the Iranian source region. Unfortunately, no additional GDSN stations lie in the azimuth range spanned by PFO and KIP, though stations ANMO and MAJO lie just outside this range. Adopting the procedures described by Kanamori and Given [1981] and Lay et al. [1982] , the IDA and GDSN Rayleigh and Love wave data are combined in a moment tensor inversion. Following Niazi and Kanamori [1981] , we adopt a source process timer of 33 s, and a source depth of 16 km. To remove the ill conditioning of the inversion for this shallow depth, we constrain Mzx = Mzy = 0 [Kanamori and Given, 1981] , and the resulting moment tensor and double-couple decomposition are listed in Table 2 . The results are very similar to those found using IDA data alone [Niazi and Kanamori, 1981, Table  2 ] with well-resolved moment tensor elements and a very small minor double couple. Since first-motion data [Berberian et al., 1979] constrain one of the nodal planes very well, we fix ·this plane and perform a fault model inversion to determine the slip angle A. and the scalar moment M 0 . The results are given in Table 2 , and these again agree closely with the previous modeling.
The 256-s period spectra for the Tabas earthquake are plotted in Figure 4 , along with the theoretical spectra for the fault model inversion in Table 2 . The observed Rayleigh wave phase shows a systematic, but minor, azimuthal variation, which appears to be unrelated to the large-amplitude asymmetries. ANMO has an amplitude asymmetry very similar to that of the adjacent IDA station PFO, while MAJO shows a weak pattern similar to that of CMO. The interfingering of the amplitude asymmetries is suggestive of a focusing/defocusing amplitude interference pattern. Because the source mechanism inversions apply least squares criteria, we cannot easily identi~ fy whether the minor arc or the major arc arrivals, or both have anomalous amplitudes, though it seems likely that the R 2 signal at KIP is anomalously large. Table 3 lists ratios of the observed 256-s period spectral amplitudes for IDA stations divided by the calculated values for the fault model in Table 2 . The absolute level of the ratio for a given arrival is sensitive to the accuracy of the source model and reference earth Q model, particularly for nodal stations; however, any asymmetry between arrivals at a given station is not accounted for by the source model.
The only Love wave observations in the azimuth range of the anomalous Rayleigh wave behavior are from MAJO, which shows little asymmetry, and from ANMO, which shows an asymmetry similar to that for the Rayleigh waves at the same station. The latter factor of 2 asymmetry appears to be larger than the typical scatter of :::::: 30% for nonnodal Love wave amplitudes at other azimuths. The ANMO G 2 arrival also has the largest phase anomaly. Ultra-long-period recordings· at Pasadena show similar patterns of Rayleigh and Love wave amplitude asymmetry to those at PFO and ANMO. Table 1 are indicated by the asterisks.
The most straightforward approach to interpreting the amplitude asymmetries is to determine whether they are observed for other events. Figure 5 compares recordings at KIP for several other Iranian earthquakes as well as for two events in the Mediterranean. The latter two events show a normal variation of amplitude between R 2 , R 3 , and R 4 , whereas the Iranian events produced signals very similar to that for the Tabas earthquake shown in Figure 1 . Table 1 gives the locations of the Iranian earthquakes, which are separated by several hundred kilometers. This indicates that very localized source region velocity structure is not responsible for the anomalies at KIP.
In order to constrain further the surface wave anomaly behavior, we perform moment tensor and fault model inversions for four additional Iranian earthquakes, two earthquakes in the Mediterranean, and an earthquake in Nepal. The epicentral parameters are listed in Table 1 , and the locations are shown in Figure 3 . The Iranian observations are summarized in Figure 6 , where 256-s spectra are compared with inversion models. Figure 6a shows Rayleigh and Love wave spectra for the November 27, 1979, event (Table 1) , which occurred in the same region as the November 14, 1979, earthquake. The moment tensor solution given in Table 4 has a small minor double couple, and the event involved predominantly vertical left-lateral strike-slip faulting trending nearly east-west. This fault plane is selected on the basis of the 60-km-long ground breakage [Haghipour and Amidi, 1980] . The amplitude spectra show very similar variations to those for the November 14 event, which was also a strike-slip event, with a factor of 2 asymmetry at KIP and subdued asymmetries at CMO, SUR, and PFO. The ANMO Love wave asymmetry is like that found for the 1978 Tabas event (Figure 4 ). Figure 6b shows the Rayleigh and Love wave spectra for the June 11, 1981, Sirch, Iran, earthquake in southeastern Iran. The moment tensor inversion has a large minor double couple, suggesting a strong oblique component. Using first-motion data, we constrain the strike and dip of one fault plane and invert for the . . . .
.. Table 4 , and the dashed curves are for the fault model solution in the same table.
evidence for a propagational effect, which must be on a sufficiently large scale to affect the 256-s period energy. We attempt to ·constrain the location of this structure by investigating events to the east and to the west of Iran. Kanamori and Given [1981] show spectra for the April 15 Monte Negro, Yugoslavia, earthquake (Table 1) , which has no evidence of asymmetry at KIP (see Figure 5 ) or other IDA stations. To corroborate this, we perform moment tensor inversions for the 
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. 0.10 oMAJO R 1 E .. . Table 5 . (c) The 256-s period Rayleigh and Love wave spectra for the July 29, 1980, Nepal earthquake and the fault model in Table 5. November 23, 1980, Italian earthquake and the December 19, 1981, Aegean event (Table 1 ). The 256-s period Rayleigh wave spectra for these events are shown in Figures 7a and 7b , respectively. The data are compared with fault model solutions for which the strike and dip of one of the nodal planes is well constrained by first motions. The source ·parameters are included in Table 5 , along with the results of constrained moment tensor inversions. Figure 7 shows that both the am- 
70° (constrained) 176.6° ± 6.4° 90.3° ± 4.0° plitudes and phase are well matched for both events, with no significant asymmetry apparent at KIP, CMO, or SUR. There is a slight asymmetry for the Japanese stations ERM and MAJO for the Italian earthquake, with the even order number arrivals being somewhat enhanced. The Love wave observations for the Italian earthquake do not show strong asymmetries.
The closest earthquake located east of Iran with sufficient moment to generate adequate long-period surface waves on the digital network is the July 29, 1980, Nepal event. The Rayleigh and Love wave spectra for this event are shown in Figure 7c . The KIP record was not usable, but the other stations do not show amplitude variations like those seen for the Iranian events. CMO and MAJO do not have any asymmetry, while SUR and ANMO have asymmetries opposite in sense to those for the Iranian events. The Love waves sho}V characteristic scatter but no asymmetry at ANMO. The theoretical curves are for a fault model inversion with the azimuth and dip constrained to satisfy first motion observations. By referring to Figure 3 , it is apparent that a relatively small variation in source location suffices to modify the amplitude asymmetry pattern significantly. The great circle paths from Iran to PFO, CMO, and KIP are only distinctive from the other source regions in that they pass along the eastern Africa rift valley or mid-Indian Ocean ridge systems. In order to test whether these great circles are particularly anomalous, we measure great circle phase velocity and attenuation [Kanamori, 1970] fective frequency band of 0.8 mHz, corresponding to a period band of about 50 s for a 256-s period. The variation in great circle phase velocity has a small variance for each period, with total ranges less than 1 %, and stations at other azimuths yield similar values. The variations for a given station are much smaller and do not differ significantly if odd or even order arrivals are used. This consistency reflects the lack of phase anomalies in the moment tensor inversions described above.
The Q estimates appear to be much less stable, as has long been noted [Kanamori, 1970] . Some of the scatter results from the low signal-to-noise ratio for R 4 and Rs arrivals from these events. Values are not given for periods where the amplitude spectra appear to be contaminated. There is a tendency for the relatively large-amplitude signals (e.g., R 2 , R 4 at KIP; R 3 , Rs at CMO) to give higher Q estimates than for the complementary arrivals at the same station. This is suggestive of focusing or defocusing effects rather than intrinsic attenuation, but the scatter is so large that it is difficult to quantify these effects. This will be addressed further in the discussion.
SURFACE WAVE RAY TRACING
It is well known that lateral heterogeneity of velocity structure produces large-amplitude variations of short-period (20 s) surface waves due to multipathing and focusing effects [e.g., McGarr, 1969; Capon, 1970] . Several investigators have applied surface wave ray tracing to characterize these shortperiod effects and have shown that significant deviations from great circle paths are expected [Gjevik, 1974; Sobel and von Seggern, 1978] . We adopt a similar approach in analyzing longer-period Rayleigh wave effects caused by global lateral heterogeneity. While ray theory does not easily extend to con- struction of dispersed wave synthetics, it does permit a firstorder appraisal of focusing and multipathing behavior caused by departure of the propagating energy from great circle paths.
We use a modified version of the surface wave ray-tracing program developed by Sobel and von Seggern [1978] . This program is based on the solution of the eikonal equation in spherical coordinates presented by Julian [1970] . The ray- Figure 9 . The R1' R 3 , and R 5 rays leave the source region toward the right, along the short arc to KIP, and pass through the antipode on the left of each figure to return to the source region. The R 2 , R 4 , and R 6 paths leave the source region toward the left. tracing and ray intensity equations for rays confined to travel along the surface of a sphere given by Sobel and von Seggern [1978] and Julian [1970] are appropriate for a single period. The lateral variation in phase velocity for that period must be given. The resulting phase and amplitude calculations can be directly compared with the spectra presented in the previous section. The geometric intensity calculations are invalid where caustics occur, and the calculations neglect reflected waves and mode conversions. It is also difficult to account for the lateral averaging of actual modes in the earth [Woodhouse and Girnius, 1982] , so the amplitude comparisons must be assessed qualitatively.
Several models of global variations in phase velocity of long-period waves have been presented. Most of these are for regionalized earth models, which have sharp boundaries that are prescribed a priori [e.g., Nakanishi and Anderson, 1983; Leveque, 1980; Dziewonski and Steim, 1982] . It is clearly preferable to adopt models that are free of these artificial irregularities, such as those presented by Nakanishi and Anderson [1984] and Woodhouse and Dziewonski [1984] . The latter models have smooth velocity variations but involve truncated spherical harmonic expansions of the heterogeneity. This limits their resolution of lateral variations and distributes spatially any sharp boundaries which may exist. All of these models must be viewed as preliminary at this time for there are differences between them and intrinsic limitations on their resolution. Given this situation, we adopt the spherical harmonic phase velocity expansions of Nakanishi and Anderson [1984] as a global model with the intent of assessing geometric effects of the heterogeneity on long-period surface wave propagation. Their model has decreasing variance reduction for periods longer than 200 s, so we will use their 200-s phase velocity structure in our calculations, and comparison will be made with observations of the same period. Since focusing effects are very sensitive to lateral gradients in velocity structure, amplitude information may potentially provide useful constraints on models of global heterogeneity, but none of the proposed models have been directly constrained by such information.
The 200-s period Rayleigh wave phase velocity variations for the model of Nakanishi and Anderson [1984] are contoured in Figure 8 . The expansion includes harmonics up to degree L = 6, so the effective resolution is for structures no smaller than several thousand kilometers in extent. While this is not a complete description of the heterogeneity, there is the advantage that the long wavelengths of the velocity structure do not violate the conditions necessary for ray theory to be applied. As described by Nakanishi and Anderson [1984] , the geographic pattern of the variations is better resolved than the amplitude of the variations. This is an important consider- ation for ray-tracing calculations, which are sensitive to velocity gradients. The velocities in Figure 8 vary over a total range of 3.4%, which is slightly larger than the typical range for regionalized models [e.g., Nakanishi and Anderson, 1983] . Some of the extreme values result from overshoot of the truncated harmonic expansions, but it is quite possible that the actual velocity variations are this large or even larger. To implement the ray-tracing program, we specify the phase velocities discretely for each 1 ° by 1° rectangular area on the earth. The general procedure we follow is very similar to that described by Sobel and von Seggern [1978] , though we implement Runge-Kutta integrations to retain accuracy for long propagation paths. Rayleigh wave ray paths for each 1° takeoff azimuth for 200-s period waves from the Iranian source region are shown in Figure 9 . The maps are equal-area projections with the antipode distributed along the circumference. The R 1 rays are outgoing rays that travel the first 180° of distance to the antipode. The R 2 arrivals are incoming rays traveling from 180° to 360° and so on. Rayleigh wave amplitude asymmetries are shown in the panel with the phase velocity variations. For a spherically symmetric velocity structure all rays would be straight radial spokes in this figure. Clearly, the heterogeneity produces progressively greater nonuniformity in the wave field for successive orbits. The phase delays accumulated are rather small on this scale, so the wavefront at any given instant is a slightly distorted concentric ring around the source region. Thus areas with a concentration of rays at a given radius would have enhanced amplitudes. Note that KIP is in a "bald" spot for odd order number arrivals but is iri a ray concentration for even order number arrivals. SUR, at the southern tip of Africa, should show enhanced R 5 and R 3 amplitudes relative to R 4 , as should SPA at the south pole. These predictions compare favorably with the observations in Figures 4 and 6. C~ 10 does not have the observed asymmetry, though it lies close to areas of ray concentrations and deficiencies. By referring to Figure  3 , it is possible to identify other stations at locations where asymmetries should appear if this model is correct; however, KIP stands out as the most dramatic case. We will first consider the model predictions for KIP in detail and then consider the other stations. The pattern of asymmetry at KIP is explored further in Figure 10 . The rays are projected on a Mercator projection where the equator is rotated to be the great circle connecting the Iranian source region and KIP. The left column shows the odd order number arrivals propagating along the minor arc from the source regiori to KIP and then continuing back around to the epicenter. The right column shows the even order number arrivals taking off to the left from the epicenter and propagating along the major arc to KIP. The rays shown span an azimuth range of 45° on either side of the great circle azimuth to KIP in 1° increments. This range in azimuth would span the loop directions in the Rayleigh wave radiation patterns for the Iranian earthquakes, as shown in Figures 4 and 6.
Several interesting phenomena are apparent in Figure 10 that would not be obvious from inspection of the velocity heterogeneity. Using ray density as a guide, it is clear that even order number arrivals at KIP should be enhanced over odd order number arrivals and that there is progressive focusing and defocusing of sequential arrivals that would result in great circle Q estimates that depend upon azimuth from the source. The opposite pattern occurs at SUR at the southern tip of Africa. The ray deviations from the great circle paths can be dramatic, and there is a tendency for odd and even order number arrivals to develop complementary patterns that are relatively stable. This results from the geometry of the heterogeneity, as preferred paths are established due to the tendency for energy to move into small circles that are perpendicular to velocity gradients along most of their length. The low-velocity region in eastern Africa tends initially to focus energy leaving the source region to the southwest, while the velocity gradients across Eurasia tend to defocus energy leaving toward the northeast. This near-source geometry appears to be critical to the long-term pattern that develops and is regenerating to a certain degree for sequential orbits. Figure 10 also shows significant spreading of the antipode and the pode for all arrivals. The ray deviations can be several thousand kilometers for R 3 arrivals. This degree of deflection is a function of the amplitude of the phase velocity variations but reflects the accumulation of small perturbations over the long propagation distances. For this case the even order number energy refocuses at the epicenter more completely than the odd order number energy. Judging from these nongeodesic features, one would expect biases in the Q measurements from antipode observations above and beyond those resulting from simple phase delays along great circle paths [Chae! and Anderson, 1982] . The degree of bias will depend on the particular distribution of the heterogeneity as well as on the source mechanism, which determines the amplitude weighting of each ray.
While the velocity structure of Nakanishi and Anderson [1984] provides qualitative agreement with the observed amplitude asymmetry at KIP, it is of interest to compare the results for other stations. It is reasonable to expect that most amplitude anomalies will not be predicted because the velocity structures are still preliminary and are heavily smoothed. Table 7 and Figure 11 compare amplitude anomalies observed for the Iranian earthquakes with the ray-tracing predictions calculated by two methods. The observed anomalies are defined, as they were in Table 3 , by the ratio of the observed 200-s period amplitudes to those calculated for a fault inversion of the Rayleigh and Love waves spectra of that period. The two metho9s used to calculate the ray-tracing amplitudes involve ray intensity and ray density. In the former procedure the contributions of ray intensities, weighted linearly by distance from the receiver, for all rays within one wavelength from the station at the time that the wave front passes it are summed. This sum is normalized by the corresponding sum for a homogeneous earth, and the square root is taken. The ray density anomalies are simply the ratios of the number of rays within one wavelength of the station as the wave front passes for the heterogeneous and homogeneous models. In both procedures we are attempting to account for the lateral averaging properties of the surface waves as well as the focusing and multipathing effects. The intensity calculations are unstable near caustics, but the ray density calculation is well behaved for such cases. Other procedures such as Gaussian beam computation [Jobert and Jobert, 1983; Yomogida, 1983] or more rigorous wave theory [Park et al., 1983; Tanimoto, 1983] could provide more accurate amplitude estimates for our models, but we are only interested in first-order features, which are well characterized by ray density. An interesting aspect of the ray calculations is that sequential arrivals such as R 2 and R 4 do not necessarily involve the same set of rays for the rays that actually intersect the station may leave the source at slightly different azimuths.
The comparisons in Table 7 and Figure 11 are not very close in detail, and there is little reason to expect them to be particularly good. However, the range in variations is similar, indicating that the 3.4% phase velocity heterogeneity in the Nakanishi and Anderson [1984] structure can account for the amplitude variations. The computed anomalies have the correct sign and amplitude for HAL, ESK, KIP, and TWO, but the anomaly at PFO is not matched. Note that the observations fluctuate for CMO, NNA, and RAR (Table 7) , which may be due to the differences in source location. The complexity of the raypaths in Figure 9 can be very sensitive to source location because some caustics are quite close to regions with diminished amplitudes and small differences in location can shift the patterns significantly. The ray intensity and ray density calculations give comparable amplitude estimates except when a caustic develops close to the receiver, as is the case for R 2 at CMO. In these amplitude calculations no attempt was made to introduce radiation pattern weighting to the ray amplitudes. This is probably not very significant for stations in loop directions of the radiation pattern but may be important for stations near nodes of the radiation pattern that receive rays deflected from loop directions. This effect should be most apparent for stations near the epicenter or the antipode. The ray-tracing amplitude predictions for the first six Rayleigh wave arrivals at KIP are shown in Table 8 . The increasing anomaly for both odd and even order arrivals produces somewhat stronger asymmetries for R 5 /R 4 than observed (Table 3) . To appraise the effect of reducing the phase velocity heterogeneity, we trace rays through structures with the same geographic variations but varying peak-to-peak ranges in velocity. Figure 12 shows R 1 arrivals for three cases. The middle case, and the geographic variation for all three cases, is the same as for the 200-s period phase velocities in Figure 9 . Halving the range of velocity variation clearly reduces the ray deflections substantially, while doubling the range increases the ray deviations correspondingly. In all three cases, KIP locates in a low-amplitude region for R 1 and successive odd order number arrivals. The R 1 amplitude anomaly increases from 0.90 to 0.84 to 0.72 as the range in velocity increases from 1.7 to 3.4 to 6.8%, respectively. This defines a linear relation with negative slope between amplitude and /!J.C/C, which in turn reflects the relation between amplitude and the second spatial derivative of the velocity gradient transverse to the direction of propagation [e.g., Wong and Woodhouse, 1983] .
It is also important to address the stability of the raytracing amplitude anomalies for different periods. The phase velocity models of Nakanishi and Anderson [1984] show some variations in geographic distribution from period to period. Presumably, this reflects the different depth sampling for each period but also may include the variation in measurement accuracy and source effects for each frequency. The global phase velocity distributions and corresponding R 2 and R 3 ray paths are shown for 153-and 250-s period Rayleigh waves in Figure 13 . Note that the range in phase velocity is greater for shorter periods, being 4.4 and 2.9% for 153-s and 250-s periods respectively. The regional variations have some differences from those for a 200-s period (Figure 9 ) for both cases but differ most at the longer period. The predicted R 3 /R 2 amplitude anomaly at KIP is 0.58 for a 153-s period, which is close to the value of 0.54 for a 200-s period. On the other hand, the 250-s period rays give an R 3 /R 2 ratio of 1.39, opposite in sense to both the shorter-period calculations and the observations. Figure 14 shows the azimuthal variation of predicted R 3 /R 2 amplitude ratios at distances of 60° and 120° from the Iranian source region. As expected, the 153-s period waves have somewhat greater amplitude variations, while the long-wavelength azimuthal patterns are similar for each period. The distance dependence of the R 3 /R 2 amplitude ratios is dearly evident. The decrease in variance reduction in the global inversions of Nakanishi and Anderson [1984] for periods longer than 200-s may indicate that the longer-period structure is more poorly resolved. However, Figure 13 does illustrate the sensitivity of the ray path complexity to fairly subtle variations in the heterogeneity. These results may be taken as evidence that the successful prediction of the observed KIP asymmetry at shorter periods is fortuitous. Even if this is the case, these calculations provide examples of the qualitative effects of realistic global heterogeneity on longperiod surface wave propagation. Rayleigh wave ray paths for 200-s period energy for the Italian and Nepal source regions are shown in Figure 15 .
Comparison of these plots with Figure 9 illustrates how sensitive the ray complexity is to the configuration of the heterogeneity with respect to the source region. An important point to note is that none of the stations in Figure 3 lie in a location where asymmetry as strong as that for KIP for the Iranian source region is expected. In fact, for the Italian source region as well as for other Mediterranean sources the calculated R 3 /R 2 asymmetry at SUR, PFO, CMO, and KIP is always less than 20%. For the Nepal event the predicted amplitude ratio of R 3 /R 2 for KIP is 1.46, which is opposite in sense to the Iranian anomalies. Unfortunately, the KIP recording was not usable for this event. The computed amplitude ratios at other stations for the Nepal event vary more than for the Mediterranean sources, but there is little correspondence with the observed variations. The asymmetries at SUR and ANMO apparent in Figure 7c are opposite in sense to the predicted values of R 2 /R 1 = 1.16 for ANMO and R 3 /R 2 = 1.17 for SUR, though the CMO prediction is consistent (R 3 /R 2 = 1.18). In general, the predicted amplitude asymmetries for these two source regions are significantly smaller than for the KIP path for the Iranian source region. This argues against the latter prediction being a purely fortuitous result.
In all of the source mechanism inversions described in the previous section, the scatter in Love wave phase and amplitudes was significantly greater than for Rayleigh waves with the same period. Figure 16 illustrates how this could be the result of global heterogeneity. The figure shows ray paths for the 200-s period Love wave phase velocity structure of Nakanishi and Anderson [1984] . The range in phase velocity is 4.5% compared with 3.4% for 200-s period Rayleigh waves. The deviations from great circle paths are correspondingly larger, but once again, KIP lies in a region of strong asymmetry with G 3 /G 2 = 0.58. This results from the similarity of the geographic variations in phase velocity across Africa and Eurasia for the Rayleigh and Love waves. The G 3 /G 2 ratio predicted for ANMO is 0.47, which compares favorably with the observations in Figures 4 and 6 . Smaller asymmetries are predicted for other stations, but the overall tendency is for asymmetries to be larger and more pervasive than for the Rayleigh waves.
Judging from the ray plots in Figures 9-16 , there is good reason to expect amplitude asymmetries to be observed for many earthquakes. This is in fact the case [e.g., Park et al., 1983; Tanimoto, 1983] ; however, few examples as dramatic as for the Iranian events have been published. Here we discuss several anomalous observations that we have encountered in routine moment tensor inversions of large earthquakes. Figure  17 shows Rayleigh wave observations for the Akita-Oki, Japan, earthquake that occurred on May 26, 1983. Stations GUA and CTAO, lying at azimuths near N170°E, show anomalously small R 3 /R 2 and Rs/R 4 amplitude ratios. To calibrate the GUA observation, we include the recording at station KMY, which has almost the same epicentral separation as GUA. KMY shows normal relative amplitude behavior between the minor arc and major arc arrivals, with perhaps a slight enhancement of the odd order number arrivals. Stations TWO and SNZO bracket GUA and CTAO tightly in azimuth but show less asymmetry. ESK lies opposite in azimuth to these stations and shows normal amplitude behavior, complicating any attempt to explain the asymmetry by source finiteness.
Ray paths for the 200-s period phase velocity structure of Nakanishi and Anderson [1984] for R 2 and R 3 arrivals from the Japan source region are shown in Figure 18 . Stations CTAO and GUA lie near a caustic for R 2 arrivals and are deficient in ray density for R 3 arrivals. This asymmetry is less pronounced for SNZO and TWO, while ESK has similar ray density for R 2 and R 3 . A slight enhancement of R 3 over R 2 amplitudes is also expected for KMY. Thus, qualitatively, the ray-tracing predictions agree with the observations. Comparing Figures 9, 13, and 18 , it appears that the global heterogeneity has greater influence on signals from the Japanese source region. This stems from the large number of great circle paths with strong transverse velocity gradients, as shown in Figure 18 . While the Japan source region lies close to the great circle between Iran and KIP (Figure 10 ), the ray calculations predict that R 3 should be slightly enhanced relative to R 2 at KIP, as is actually observed. In fact, Rs is much larger than R 4 in the data from KIP. This is opposite to the Iranian event asymmetry, which illustrates the importance of the near source region heterogeneity as well as the focusing characteristics for velocity anomalies in the spherical earth.
The February 28, 1979, St. Elias, Alaska, earthquake also produced some anomalous records. The PFO recording for this event, with successive broadband and narrow-band Gaussian filters is shown in Figure 19 . There is a persistent asymmetry between odd and even order number arrivals for periods up to 250 s. While source directivity could produce this asymmetry, the aftershocks indicate a fault length of only 5(}-115 km [Stephans et al., 1980] . Unless this length is grossly underestimated, very slow rupture velocities would have to be appealed to in order to explain the asymmetry (S. Grand, personal communication, 1983) . As for the Japan source region, the Alaskan source region has strong velocity gradients transverse to many of the great circle paths (Figure 20 gradients across North America consistent with the known strong variations in shear velocity across the Rocky Mountain front. If the velocity heterogeneity were rotated just a few degrees clockwise, PFO would have R 5 > R 4 predicted. Improved resolution of the velocity models will be required for analysis of such long propagation paths.
DISCUSSION
The successful predictions of the amplitude asymmetries at KIP for Iranian earthquakes and for the Akita-Oki observations discussed above are clearly dependent upon the accuracy of the phase velocity models of Nakanishi and Anderson [1984] . An independent test of these models can be obtained by comparing their phase velocity variations with those found by Woodhouse and Dziewonski [1984] . For periods around 200 s the models are quite compatible in terms of longwavelength features. Figure 9 of Woodhouse and Dziewonski [1984] shows phase velocity variations for 0 S 40 (period = 212 s), which can be compared with Figures 9, 10, and 16 in this paper or corresponding Figures 9 and 20 of Nakanishi and Anderson [1984] . The large, low-velocity region in eastern Africa and Saudi Arabia and the velocity gradients across Eurasia and the Indian Ocean are very similar for both models. Since these features are important for establishing the KIP asymmetry, it seems likely that similar asymmetries will be predicted by both models. Preliminary calculations indicate that the sign of the asymmetries, but not their amplitudes, for the KIP, CMO, and PFO observations for the 1978 Tabas event are predicted by the model of Woodhouse and Dziewonski [1984] (J. Woodhouse, personal communication, 1983 ). This will be tested further in the future, though clearly both models are only preliminary attempts to define the global variations. The phase velocity variations found by Woodhouse and Dziewonski [1984] do have somewhat smaller ranges ( ~ 3.0% for 0 S 40 and 4.5% for 0 T 40 ) compared with those in the Nakanishi and Anderson [1984] model, but these are still large enough to cause significant great circle deviations.
A question that naturally arises is whether or not the substantial ray path deviations predicted by the laterally heterogeneous structures are sufficient to violate the great circle assumption made in the derivation of the structures. When we calculate great circle phase velocities from sequential odd or even number arrivals for the ray-tracing models, we find stable estimates despite the fact that different rays actually reach the receiver for each arrival. The phase delays for individual arrivals tend to be small as well, even when there is significant contortion of the wave front. It seems that the greatest source of bias may be due to the tendency for odd and even order number arrivals to settle into complementary small circle orbits. While the phase anomalies are self-regulating to a large degree, the inversion techniques which distribute the anomaly along the great circle regardless of order number may be placing the anomaly in the wrong location or canceling out the actual variations. An attempt to include the actual ray paths in inversion for lateral heterogeneity will be made in a future paper to quantify these effects. While the effects on existing long-period ( > 200 s) models should be minor, the increased phase velocity variations for shorter periods may cause significant revisions. Future efforts to invert for higher-order spherical harmonic expansions or grid models of the heterogeneity will have to account for non-great circle effects for mediumperiod (50-200 s) surface waves. Eventually, it may be possible to incorporate surface wave amplitude information into inversions for lateral heterogeneity or at least to test models for their ability to reduce the scatter in the observations. An important consideration is the effect of the amplitude variations on Q estimates for spheroidal and toroidal modes. Given the relatively high Q values of these modes, small (20%) amplitude asymmetries due to propagation can result in erroneous Q estimates. For a great circle of length l, with a great circle group velocity U, the great circle Q is determined from nl Q = -UT ln ~ T is the period and ~ is the amplitude ratio where ai is the spectral amplitude of the ith order surface wave. For a uniform earth, with no velocity heterogeneity effects on the amplitudes, we have the "intrinsic" attenuation given by nl Qo= -----
U0Tln~0
Defining the ratios of the actual amplitudes in the laterally varying earth to those for the uniform earth by we obtain Neglecting differences between U and U 0 , we have We use the computed ray density anomalies (E;) in Table 8 to test the bias in Q determination. From R 3 /R 1 or R 5 /R 3 we obtain Q/Q 0 = 0.8, while from R 4 /R 2 we get Q/Q 0 = 1.6.
Thus, for this case the asymmetric and progressive effects of the heterogeneity give a range in Q of from 123 to 246 for the same great circle. The variation in Q estimates for a fixed great circle and between closely adjacent great circles seen in Table  6 indicates that such effects are common. The problems with determining short-arc Q values are correspondingly greater.
CONCLUSIONS
Surface wave ray-tracing calculations for models of global phase velocity variations proposed by Nakanishi and Anderson [1984] show that large-amplitude anomalies will be observed for Love and Rayleigh waves with periods of 100-250 s. These anomalies are most directly manifested in asymmetry of minor arc and major arc arrivals at a given station. The spatial distribution of velocity heterogeneity about a given source region governs the development of such anomalies. Source regions for which great circle paths encounter large transverse velocity gradients will have more pronounced anomalies. The amplitude variations produced by focusing and multipathing cause scatter in Q determinations. The deviation from great circle behavior may be large enough to affect inversions for lateral velocity variations, particularly for shorter periods. Several of the more pronounced amplitude anomalies observed for events in Iran and Japan are well predicted by the ray calculations for the Nakanishi and Anderson [1984] models for periods of 200 s. However, some anomalies are not predicted, and improved velocity models will have to be developed before the scatter in long-period amplitudes can be reliably reduced.
